In the context of radiopharmacy and molecular imaging, the concept of theranostics entails a therapy-accompanying diagnosis with the aim of a patient-specific treatment. Using the adequate diagnostic radiopharmaceutical, the disease and the state of the disease are verified for an individual patient. The other way around, it verifies that the radiopharmaceutical in hand represents a target-specific and selective molecule: the "best one" for that individual patient. Transforming diagnostic imaging into quantitative dosimetric information, the optimum radioactivity (expressed in maximum radiation dose to the target tissue and tolerable dose to healthy organs) of the adequate radiotherapeutical is applied to that individual patient. This theranostic approach in nuclear medicine is traced back to the first use of the radionuclide pair 86 Y/ 90 Y, which allowed a combination of PET and internal radiotherapy. Whereas the β-emitting therapeutic radionuclide 90 Y (t 1 /2 = 2.7 d) had been available for a long time via the 90 Sr/ 90 Y generator system, the β + emitter 86 Y (t 1 /2 = 14.7 h) had to be developed for medical application. A brief outline of the various aspects of radiochemical and nuclear development work (nuclear data, cyclotron irradiation, chemical processing, quality control, etc.) is given. In parallel, the paper discusses the methodology introduced to quantify molecular imaging of 86 Y-labelled compounds in terms of multiple and long-term PET recordings. It highlights the ultimate goal of radiotheranostics, namely to extract the radiation dose of the analogue 90 Y-labelled compound in terms of mGy or mSv per MBq 90 Y injected. Finally, the current and possible future development of theranostic approaches based on different PET and therapy nuclides is discussed.
Introduction and Historical Background
Radioactivity is unique in the sense that it can be routinely used in nuclear medicine both for diagnosis and therapy [1] . Each application, however, demands a special type of radionuclide, the choice being dependent on its decay properties. The underlying principle in diagnostic nuclear medicine is that the radiation dose to the patient is as low as possible, compatible with the required quality of imaging and the diagnostic advantage in comparison to non-radioactive methods. In internal radionuclide therapy (endoradiotherapy), on the other hand, a localized, well-defined radiation dose needs to be deposited in a malignant or inflammatory tissue to achieve the desired therapeutic effect. Thus, for in vivo diagnostic investigations, radionuclides are required that do not cause much radiation dose and can be efficiently detected from outside of the body. To this end, short-lived γ-ray emitters 
Nuclear Data

Decay Data
The gross features of the decay schemes of the two radionuclides under investigation are known fairly well [5-10], though some deficiencies exist in the case of 86 Y. The main decay data are summarized in Table 1 . The therapeutic radionuclide 90 Y is known to decay 100% by β-emission to stable 90 Zr (spin: 0 + ), with only one major component having an end point energy of 2290 keV and average β-energy of 933 keV. Only a very small fraction (0.011%) of the β-emission leads to the population of the first excited state of 90 Zr (spin: 0 + ) at 1761 keV. Since in the monopole transition of 90 Zr (0 + → 0 + ) the emission of a γ-ray is forbidden, the excited state de-excites by internal conversion and pair production, the latter resulting in positron emission of very weak intensity.
With regard to the diagnostic radionuclide 86 Y, the decay proceeds via electron capture (EC) and β + emission, followed by emission of a large number of γ-rays. There are six positron groups with varying end-point energies and intensities (see Table 1 ). The total β + emission intensity amounts to about 33%. This value is rather uncertain, and recommendations have been made to do new measurements utilizing improved methods of detection and quantification [8, 9] . Furthermore, a re-evaluation of the whole decay scheme of 86 Y has also been recommended [10] . On the other hand, it is pointed out that right from the beginning, it was expected that due to rather high positron energy and the presence of several γ-rays in the vicinity of the annihilation radiation, considerable effort would be needed to make use of 86 Y in PET investigations; see below. 
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Decay Data
The gross features of the decay schemes of the two radionuclides under investigation are known fairly well [5] [6] [7] [8] [9] [10] , though some deficiencies exist in the case of 86 Y. The main decay data are summarized in Table 1 . The therapeutic radionuclide 90 Y is known to decay 100% by β-emission to stable 90 Zr (spin: 0 + ), with only one major component having an end point energy of 2290 keV and average β-energy of 933 keV. Only a very small fraction (0.011%) of the β-emission leads to the population of the first excited state of 90 Zr (spin: 0 + ) at 1761 keV. Since in the monopole transition of 90 Zr (0 + → 0 + ) the emission of a γ-ray is forbidden, the excited state de-excites by internal conversion and pair production, the latter resulting in positron emission of very weak intensity.
With regard to the diagnostic radionuclide 86 Y, the decay proceeds via electron capture (EC) and β + emission, followed by emission of a large number of γ-rays. There are six positron groups with varying end-point energies and intensities (see Table 1 ). The total β + emission intensity amounts to about 33%. This value is rather uncertain, and recommendations have been made to do new measurements utilizing improved methods of detection and quantification [8, 9] . Furthermore, a re-evaluation of the whole decay scheme of 86 Y has also been recommended [10] . On the other hand, it is pointed out that right from the beginning, it was expected that due to rather high positron energy and the presence of several γ-rays in the vicinity of the annihilation radiation, considerable effort would be needed to make use of 86 Y in PET investigations; see below. (a) Taken from [5] [6] [7] .
Production Data: Reaction Cross-Sections and Integral Yields
Several routes have been suggested for the production of both 90 Y and 86 Y. The former is produced in a nuclear reactor and the latter via charged particle-induced reactions at a cyclotron. Some evaluated data for the two nuclides are available [11] . As regards 86 Y, the possible methods of production at a small to medium-sized cyclotron include 86 Sr(p,n) 86 Y, 86 Sr(d,2n) 86 Y, 88 Sr(p,3n) 86 Y, nat Rb( 3 He,xn) 86 Y, 85 Rb(α,3n) 86 Y, 90 Zr(p,αn) 86 Y and nat Zr(p,x) 86 Y. Some other possible reactions have very low cross-sections.
Till 1992, in the literature, some cross-section data existed for several of the above-mentioned reactions [12] [13] [14] . However, the first systematic study of 86 Y from the production point of view was performed at the Research Center Jülich [15] , and the suitability of the 86 Sr(p,n) 86 Y reaction was demonstrated [16] using a highly enriched target. Since then, many groups have repeatedly investigated this reaction for production, but no new cross-section measurement has been done. For the nat Rb( 3 He,xn) 86 Y reaction, also cross-sections were measured only once [15] , but for the nat Zr(p,x) 86 Y reaction, a few new measurements have been reported over the last few years [17] [18] [19] [20] . Very recently, cross-section data for a few reactions have been evaluated using rigorous nuclear model calculations, and recommended data have been presented [21] . Using those data, the 86 Y yields from the 86 Sr(p,n) 86 Y and 88 Sr(p,3n) 86 Y reactions were calculated, and the results are given in Figure 2 as a function of the projectile energy. To date, those two reactions are the only ones that have been practically used in the production of 86 Y. As regards other reactions, we consider only the nat Rb( 3 He,xn) 86 Y and nat Zr(p,x) 86 Y processes because they have been fairly well investigated; the expected yields are not very low, and possibilities exist to control the levels of radioactive impurities through the choices of the proper energy ranges in the target. In the case of 3 He-particle irradiations, the ( 3 He,γ) and ( 3 He,n) reactions have negligibly small cross-sections [22, 23] , so that the yields of the impurities 90 Y, 88 Y and 87 Y in the nat Rb( 3 He,xn) 86 Y process at 3 He-particle energies of < 24 MeV could be expected to be small. Similarly, in the nat Zr(p,x) 86 Y process, the level of the 87 Y impurity formed via the 90 Zr(p,α) 87 Y reaction could be minimized if the incident protons have energies >25 MeV where the 90 Zr(p,αn) 86 Y reaction is favored. We therefore show the integral yields of 86 Y in Figure 2 also from those reactions, taking the data for the nat Rb( 3 He,xn) 86 Y process from [15] and those for the nat Zr(p,x) 86 Y process from [17] [18] [19] [20] [21] . It should be mentioned that in the case of the latter two reactions, the use of highly enriched 85 Rb and 90 Zr as targets would increase the 86 Y yield by about 25 and 100%, respectively, but it would not alter the radioactive impurity level to any significant extent, provided the energy ranges used in the targets are the same as given in Table 2 (see below) .
From the available data, the optimum energy ranges for the production of 86 Y via the four above-mentioned routes were deduced, and the results are given in Table 2 . The yield for 86 Y is the sum of 86m Y and 86g Y. Considering the associated radioactive impurities, the most preferable route for the production of 86 
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From the available data, the optimum energy ranges for the production of 86 Y via the four above-mentioned routes were deduced, and the results are given in Table 2 . The yield for 86 Y is the sum of 86m Y and 86g Y. Considering the associated radioactive impurities, the most preferable route for the production of 86 Y is the 86 Sr(p,n) 86 Y reaction on highly enriched 86 Sr, although the yield of the product is not very high. The small amount of 87m,g Y impurity associated with this process was determined in real production experiments and not through calculation. In fact, this impurity should be vanishingly small because the main contributing reaction 86 Sr(p,γ) 87m,g Y is expected to have a very small cross-section [24, 25] . However, since the enriched 86 Sr target used had an isotopic enrichment of only 96.4% [16, [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] , the small amount of 87 Sr (1.33%) present in the target contributed to the formation of the 87m,g Y impurity via the 87 Sr(p,n)-reaction. The same applies to the very small amount of the 88 Y impurity. It is possibly formed via the 88 Sr(p,n) 88 Y reaction on 88 Sr (2.26%) present in the target. Obviously, the levels of both the radionuclidic impurities could be reduced further if the 86 Sr target used could be of higher enrichment than that given above. An added advantage of the 86 Sr(p,n) 86 Y route is that a small-sized medical cyclotron is adequate for the production of this radionuclide in quantities sufficient for clinical applications. This reaction has therefore become the method of choice for the production of 86 86 Y route is that a small-sized medical cyclotron is adequate for the production of this radionuclide in quantities sufficient for clinical applications. This reaction has therefore become the method of choice for the production of 86 Y. 86 Y reactions (based on experimental and evaluated data given in [15, [17] [18] [19] [20] [21] ), plotted as a function of projectile energy. Note the different yield scales for the first two and the latter two reactions, respectively. 
Production Methodologies
Targetry
Based on the above discussion, the major efforts to produce 86 Y have concentrated on the 86 Sr(p,n) 86 Y reaction, and target systems have been designed for use at low energy cyclotrons (Ep ≤ 18 MeV). The originally used highly-enriched 86 SrCO3 as the target material [16] was employed in most of the later works, as well [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . In one case, 86 SrO was also used [31] . In general, a pressed pellet of the target material was irradiated in a conventional target holder, covered by a thin metal foil and cooled at the back by circulating water. This system could withstand beam currents of up to 86 Y reactions (based on experimental and evaluated data given in [15, [17] [18] [19] [20] [21] ), plotted as a function of projectile energy. Note the different yield scales for the first two and the latter two reactions, respectively. 
Production Methodologies
Targetry
Based on the above discussion, the major efforts to produce 86 Y have concentrated on the 86 Sr(p,n) 86 Y reaction, and target systems have been designed for use at low energy cyclotrons (E p ≤ 18 MeV). The originally used highly-enriched 86 SrCO 3 as the target material [16] was employed in most of the later works, as well [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . In one case, 86 SrO was also used [31] . In general, a pressed pellet of the target material was irradiated in a conventional target holder, covered by a thin metal foil and cooled at the back by circulating water. This system could withstand beam currents of up to about 5 µA of 16-MeV protons in irradiations of a few hours in real production runs [16, 31, 33] . In a modified system [28] , the 86 SrCO 3 pellet was placed into a groove in a target holder made of Al. The groove was closed by a sliding lid. The target was then fitted in a 4π water-cooled target head, similar to the one described by Michael et al [37] . A photograph of the target system is shown in Figure 3 . The primary proton beam energy was 19 MeV, and the energy incident on the target material (after some absorption in the lid) was 16 MeV. The target could withstand beam currents of up to about 10 µA, but during long production runs, nominal currents of about 6 µA were used. In another system [32] , besides the water-cooling of the target at the back, chilled He cooling in front of the target was applied, and irradiation currents of up to 15 µA of 11-MeV protons could be used. In yet another system [27, 31, 35, 36] , the target material was irradiated with 15-MeV protons at an inclined angle between 6 • and 15 • in a target holder cooled by a jet of cooling water across its back. A beam current of 10 µA was used [27] , but the target may withstand higher currents [31, 35, 36] , at least for short irradiations. Due to limited progress in high-current targetry, the production yield of 86 Y using a solid target has been so far limited to about 3.5 GBq per batch [28] .
In recent years, a new impulse has come to the production of 86 Y via the 86 Sr(p,n) reaction at hospital-based cyclotrons. Since those cyclotrons have in general only liquid and gaseous targets (to produce 18 F, 11 C, 15 O, etc.), two conspicuous developments have come up, namely to install solid targetry [38] or to utilize an existing or modified liquid target for irradiating solutions of target isotopes [39, 40] . In the latter case, effort is needed to separate radiation-induced chemical species.
The yield of 86 Y achieved using a liquid target is generally low, but it may be enough for local use [40] .
Besides the low-energy 86 Sr(p,n) 86 Y reaction for the production of 86 Y, the intermediate energy reaction 88 Sr(p,3n) 86 Y has also been applied in one laboratory [4, 41] . A thick 88 SrCl 2 pellet was irradiated with protons in the energy range of E p = 45→39 MeV in a well-cooled target holder for 0.5 h at a beam current of 25 µA. The batch yield of 86 Y achieved was about 4 GBq, with the level of the radionuclidic impurities 87 Y and 87m Y amounting to 5.1% and 56.0%, respectively. The product could thus be used for chemical and labelling studies, but not for clinical investigations. about 5 μA of 16-MeV protons in irradiations of a few hours in real production runs [16, 31, 33] . In a modified system [28], the 86 SrCO3 pellet was placed into a groove in a target holder made of Al. The groove was closed by a sliding lid. The target was then fitted in a 4π water-cooled target head, similar to the one described by Michael et al [37] . A photograph of the target system is shown in Figure 3 . The primary proton beam energy was 19 MeV, and the energy incident on the target material (after some absorption in the lid) was 16 MeV. The target could withstand beam currents of up to about 10 μA, but during long production runs, nominal currents of about 6 μA were used. In another system [32] , besides the water-cooling of the target at the back, chilled He cooling in front of the target was applied, and irradiation currents of up to 15 μA of 11-MeV protons could be used. In yet another system [27, 31, 35, 36] , the target material was irradiated with 15-MeV protons at an inclined angle between 6° and 15° in a target holder cooled by a jet of cooling water across its back. A beam current of 10 μA was used [27] , but the target may withstand higher currents [31, 35, 36] , at least for short irradiations. Due to limited progress in high-current targetry, the production yield of 86 Y using a solid target has been so far limited to about 3.5 GBq per batch [28] .
Besides the low-energy 86 Sr(p,n) 86 Y reaction for the production of 86 Y, the intermediate energy reaction 88 Sr(p,3n) 86 Y has also been applied in one laboratory [4, 41] . A thick 88 SrCl2 pellet was irradiated with protons in the energy range of Ep = 45→39 MeV in a well-cooled target holder for 0.5 h at a beam current of 25 μA. The batch yield of 86 Y achieved was about 4 GBq, with the level of the radionuclidic impurities 87 Y and 87m Y amounting to 5.1% and 56.0%, respectively. The product could thus be used for chemical and labelling studies, but not for clinical investigations. Photograph: An open view of the 4π water-cooled target head at the Forschungszentrum Jülich, used for irradiation (after [37] ). The Al target holder with a groove for inserting the 86 SrCO3 pellet is shown on the right. The groove was closed by a sliding lid, and the target holder could be fitted in the target head. After irradiation, the target head was remotely opened, and the target holder fell in a lead pot.
Chemical Processing
Six major separation methods for 86 Y from an irradiated strontium target (SrCO3, SrO or SrCl2) have been suggested. They involve coprecipitation and ion exchange, electrolysis, single column chromatography, multiple column chromatography, solvent extraction and precipitation of the target element. Each method has its own advantages and disadvantages. The method involving Photograph: An open view of the 4π water-cooled target head at the Forschungszentrum Jülich, used for irradiation (after [37] ). The Al target holder with a groove for inserting the 86 SrCO 3 pellet is shown on the right. The groove was closed by a sliding lid, and the target holder could be fitted in the target head. After irradiation, the target head was remotely opened, and the target holder fell in a lead pot.
Six major separation methods for 86 Y from an irradiated strontium target (SrCO 3 , SrO or SrCl 2 ) have been suggested. They involve coprecipitation and ion exchange, electrolysis, single column chromatography, multiple column chromatography, solvent extraction and precipitation of the target element. Each method has its own advantages and disadvantages. The method involving Pharmaceuticals 2017, 10, 56 7 of 28 coprecipitation and ion exchange was first developed by Rösch et al., [16] . The irradiated enriched 86 SrCO 3 was dissolved in a small volume of HCl, and no-carrier-added 86 Y was coprecipitated with La(OH) 3 by the addition of NH 4 OH solution. The precipitate was centrifuged off and taken up in a few drops of HCl. The separation of radioyttrium from inactive La was then effected through cation-exchange chromatography by elution with α-hydroxyisobutyric acid, either at normal pressure [16] or, as developed later by Kettern et al., [28] , in combination with HPLC. The radioactivity amounting to several GBq was collected in only 150 µL solution. The radionuclidic quality control was done via γ-ray spectrometry, and the chemical purity of the product was checked via inductively-coupled plasma-mass spectrometry (ICP-MS) [28] . In a slight variation of this method [26] , the coprecipitation of radioyttrium was done with Fe(OH) 3 , followed by a final purification of 86 Y by ion-specific resin chromatography.
The electrolytic method of separation was first developed by Reischl et al., [27] and later optimized by Yoo et al., [31] and Lukic et al., [33] . The target was dissolved in dilute HNO 3 and electrolyzed at 2 A using two Pt plate electrodes. Thereafter, the electrodes were removed from the cell and placed in a second glass vial filled with fresh dilute HNO 3 . A third electrode (platinum wire) was then inserted, and a second electrolysis was performed at 200-400 mA. The 86 Y activity was collected on the Pt wire from where it was recovered by 250 µL of 0.05 M HCl.
The single column chromatographic method of separation of radioyttrium was investigated by Kandil et al., [34] , using both the cation-exchanger Dowex 50W-X8 (H − form) and the anion-exchanger Dowex 21k (Cl − form). The irradiated 86 SrCO 3 was dissolved in 6 M HCl, and the solution was evaporated to near dryness. For cation-exchange separation, the residue was dissolved in 0.1 M citrate buffer, pH 4. For anion-exchange separation, however, the dissolution of the residue was done in 0.1 M citrate buffer, pH 5. The column was loaded with the radioactive solution, and elution was done with 0.1 M citrate buffer, pH 4, while working with the cation-exchange column, or with 0.1 M citrate buffer, pH 5, when using the anion-exchange column. In the former case, 86 Y passed through the column, while Sr remained on the column. In the latter case, Sr passed through the column, and 86 Y remained on the column, which was later removed and collected by elution with 1 M HCl. The cation-exchange method was found to be superior because it led to higher chemical purity. However, the final volume of the product was large (~60 mL), and the concentration of the activity was needed. In a similar study, Sadeghi et al., [35, 36] investigated the separation of radioyttrium from an irradiated nat SrCO 3 target via ion-exchange chromatography. The mixture of strontium and radioyttrium was absorbed onto a chelating resin Chelex 100 column (H + form). Strontium and radioyttrium were then eluted sequentially with 0.01 M HNO 3 and 1 M HNO 3 , respectively. The final volume of the radioyttrium fraction was large (~20 mL). In yet another method [41] , the irradiated 88 SrCl 2 target was dissolved in 2.5 M HCl and transferred on to an Eichrom DGA resin column. Thereafter, radioyttrium was eluted with 0.5 M HCl in a total volume of about 10 mL.
The multiple column chromatographic method of the separation of 86 Y was introduced by Garmestani et al., [29] and further developed by Park et al., [30] . In this method, the irradiated target was dissolved in 4 N HNO 3 , and the solution was loaded onto a Sr-selective resin. On washing the column further with 4 N HNO 3 , radioyttrium was removed and then adsorbed on a second RE-SPEC column. Thereafter, the radioyttrium was further eluted by using 0.1 N HCl and readsorbed on a third Aminex A5 resin column connected in sequence. Finally, 86 Y was eluted from the Aminex column with 3 N HCl and, after concentration, obtained in 200 µL of 0.1 N HNO 3 or radiolabeling buffer. Labelling herceptin TM or DOTA-biotin, whereby a specific binding was proven, testified the purity of the product 86 Y.
The solvent extraction method for the separation of 86 Y from a 86 SrCO 3 target was developed by Kandil et al., [34] . It consisted of dissolution of the irradiated target in 1 M HCl, transfer to a separatory funnel and addition of an equal volume of 10% (v/v) di-ethylhexyl phosphoric acid (HDEHP) diluted in n-heptane. The mixture was shaken for 3 min. After disengagement, the organic phase was washed The isolation of radioyttrium from the irradiated 86 SrCO 3 by simple precipitation of the target element was developed by Avila-Rodriguez et al., [32] . The target material was dissolved in 0.5 mL of 6 M HCl and made basic by the addition of 5 mL of 1 M NH 4 OH. This solution was loaded onto a chimney supporting a Whatman 42 filter paper and filtered under vacuum. The filter paper was then washed with water to remove traces of strontium. The no-carrier-added 86 Y was recovered from the filter paper using 1 M HCl. The solution was evaporated to dryness and the activity taken up in 500 µL of 0.1 M HCl. The technique was also applied by Sadeghi et al., [42] after some modifications. From the irradiated nat SrCO 3 target solution in 8 M HCl, at first, Cu and Zn impurities were removed via anion-exchange chromatography. Thereafter, sulfuric acid was gradually added to the [86] [87] [88] Y/Sr solution under heating, followed by filtration of the SrSO 4 precipitate. Most of the radioyttrium passed through the filter paper. The solution was evaporated to dryness and the residue taken up in HCl.
Comparison of Separation Methods
The pertinent data are summarized in Table 3 . The solvent extraction method was studied using nat SrCO 3 , and the chemical purity achieved was modest. In all other cases, 86 SrCO 3 was used as the target material unless otherwise stated. The method involving coprecipitation of 86 Y with La(OH) 3 , followed by cation-exchange chromatography led to a pure product in a batch yield sufficient for first clinical application [16] . The method was further optimized, both with respect to targetry and chemical separation [28] ; the batch yield increased considerably; and 86 Y of the highest chemical purity was achieved. The two-step electrolytic process has also been successfully developed, and clinical-scale batch yields have been reported [27, 31, 33] . Regarding the chemical impurity, only the level of Sr was investigated; it was higher than in the coprecipitation/cation-exchange method. The single column cation-exchange chromatography led to similar results as the electrolytic method. The multiple column chromatography has somewhat lower chemical separation efficiency than the other methods. The chemical impurities were not checked, but the separated 86 Y was tested by labelling two molecules with satisfactory results. The very simple precipitation and filtration method was found to be effective from the separation and batch yield points of views, but the level of the associated chemical impurity was rather high.
Regarding the radionuclidic purity, it should be emphasized here that all of the chemical separation methods lead approximately to the same result because in each work, the enrichment of the target isotope 86 Sr used was approximately the same (95.6-97%). The major impurities reported in all works were 87 Y (~0.4%) and 87m Y (<3%). While using 88 SrCl 2 as the target material [41] to produce 86 Y via the 88 Sr(p,3n) 86 Y reaction, on the other hand, the level of the radionuclidic impurity, as expected, was very high ( 87m Y: 56%). Furthermore, the level of the chemical impurity associated with the single column chromatographic method used was high.
Concluding Remarks about Production Methodologies
Out of all of the above discussed production routes, the 86 Sr(p,n) 86 Y reaction over the energy range of E p = 14→7 MeV has become the method of choice because it leads to 86 Y of the highest radionuclidic purity. The 87m Y impurity at the level of <3% can be considerably reduced if 86 Sr of 99% enrichment would be used. The target material 86 SrCO 3 in the form of a pellet, embedded in a 4π water-cooled Al target holder, withstands 16-MeV proton beams of up to 10 µA. For chemical processing of the irradiated material to obtain 86 Y, the method involving coprecipitation followed by cation-exchange chromatography appears to lead to the product of the highest chemical purity. So far, the maximum batch yield of about 3.5 GBq was also reported using that method. The two-step electrolytic process is also very useful. 
86 Y for PET Imaging
Radiation Emission Properties of 86 Y
Since the positron abundance of 86 Y is only 33%, compared to radiotracers labelled with 18 F (positron abundance of 97%), the PET sensitivity per injected MBq of an 86 Y-labelled radiotracer is rather low. This is, however, a common feature of many other clinically-adopted positron emitters, as well, such as 89 Zr (22.3% positron abundance) and 64 Cu (17.8% positron abundance). Nevertheless, many examples of successful PET-imaging of 86 Y-labelled radiopharmaceuticals are present in the literature (see Section 5) . However, the decay of 86 Y does not only result in positron emissions with their annihilation photons of 511 keV, but also in the emission of a whole spectrum of additional (single) gamma photons ranging from 443-1921 keV (Table 1) . Although many of the gamma photons have energies that are above the upper level of the typical energy window of the PET detector, the detector may accept them after these photons have lost enough energy due to Compton scattering in the subject investigated and/or in the detector crystals. If the single gamma photons, which are accepted by the energy window (ranging, e.g., between 450 and 650 keV), are emitted independent of the positrons, they would just increase the amount of random coincidences and would be corrected together with other random coincidences resulting from those annihilation photons that originate from two different positron emissions, but detected within the coincidence time window. Most of the single gamma photons occurring in the 86 Y decay are emitted simultaneously with the positron emission (leading to annihilation photons) or electron capture. When one of these photons is accepted by the PET detector together with an annihilation photon within the coincidence time window, this combination is counted as a "coincident PET event". In the literature, this event is called (cascade) gamma or prompt coincidence. It distorts the "pure" PET recording in addition to other false coincidences, i.e., random and scattered coincidences and to coincidences lost by tissue attenuation and Compton scattering ( Figure 4 ). 
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Radiation Emission Properties of 86 Y
Since the positron abundance of 86 Y is only 33%, compared to radiotracers labelled with 18 F (positron abundance of 97%), the PET sensitivity per injected MBq of an 86 Y-labelled radiotracer is rather low. This is, however, a common feature of many other clinically-adopted positron emitters, as well, such as 89 Zr (22.3% positron abundance) and 64 Cu (17.8% positron abundance). Nevertheless, many examples of successful PET-imaging of 86 Y-labelled radiopharmaceuticals are present in the literature (see Section 5) . However, the decay of 86 Y does not only result in positron emissions with their annihilation photons of 511 keV, but also in the emission of a whole spectrum of additional (single) gamma photons ranging from 443-1921 keV (Table 1) . Although many of the gamma photons have energies that are above the upper level of the typical energy window of the PET detector, the detector may accept them after these photons have lost enough energy due to Compton scattering in the subject investigated and/or in the detector crystals. If the single gamma photons, which are accepted by the energy window (ranging, e.g., between 450 and 650 keV), are emitted independent of the positrons, they would just increase the amount of random coincidences and would be corrected together with other random coincidences resulting from those annihilation photons that originate from two different positron emissions, but detected within the coincidence time window. Most of the single gamma photons occurring in the 86 Y decay are emitted simultaneously with the positron emission (leading to annihilation photons) or electron capture. When one of these photons is accepted by the PET detector together with an annihilation photon within the coincidence time window, this combination is counted as a "coincident PET event". In the literature, this event is called (cascade) gamma or prompt coincidence. It distorts the "pure" PET recording in addition to other false coincidences, i.e., random and scattered coincidences and to coincidences lost by tissue attenuation and Compton scattering (Figure 4 ). The latter three kinds of "non-true" coincidences occur in the same way in the case of the four standard positron emitters 18 F, 11 C, 13 N and 15 O and can be corrected in a satisfactory way. The gamma coincidences, however, influence the PET measurement qualitatively, as well as quantitatively. Besides 86 Y, there are other non-standard positron emitters such as 76 Br or 124 I that emit cascade gamma photons together with positrons, so that PET measurements are affected by gamma coincidences, as well. On the other hand, different non-standard positron emitters have quite different emission schemes regarding the abundance and energy of the cascade gamma photons. Therefore, a common method for correcting the gamma coincidences has not been achieved. Instead, corrections dedicated to each individual non-standard positron emitter have been suggested as described below for 86 Y. The latter three kinds of "non-true" coincidences occur in the same way in the case of the four standard positron emitters 18 F, 11 C, 13 N and 15 O and can be corrected in a satisfactory way. The gamma coincidences, however, influence the PET measurement qualitatively, as well as quantitatively. Besides 86 Y, there are other non-standard positron emitters such as 76 Br or 124 I that emit cascade gamma photons together with positrons, so that PET measurements are affected by gamma coincidences, as well. On the other hand, different non-standard positron emitters have quite different emission schemes regarding the abundance and energy of the cascade gamma photons. Therefore, a common method for correcting the gamma coincidences has not been achieved. Instead, corrections dedicated to each individual non-standard positron emitter have been suggested as described below for 86 Y.
Errors Caused by Gamma Coincidences and Their Correction
Since the directions of the gamma photons and the annihilation photons are not correlated, the gamma coincidences are distributed nearly uniformly within the PET field of view (FOV), causing a primarily flat background in the sinograms, as indicated in Figure 5 , in comparison with the equivalent phantom study done with 18 
Since the directions of the gamma photons and the annihilation photons are not correlated, the gamma coincidences are distributed nearly uniformly within the PET field of view (FOV), causing a primarily flat background in the sinograms, as indicated in Figure 5 , in comparison with the equivalent phantom study done with 18 F. This leads to a corresponding background in reconstructed images and, consequently, to a diminished contrast. Whereas this outcome might be tolerated in the qualitative respect, it leads to quantitative errors, which cannot be accepted. One must consider that the most important motivation for using 86 Y is the quantitative measurement of its temporal and spatial distribution throughout the body so that the radiation dose caused by the therapeutic 90 Y can be derived. The quantitative error caused by the gamma coincidences is amplified by the attenuation correction, especially in areas of tissue with a high attenuation coefficient, such as bone. This problem is demonstrated by images of a study with a three-rod phantom (Figure 6 ). Outside the rods, the phantom was filled with 18 F, 124 I or 86 Y. The three rods were filled with air, (non-radioactive) water and Teflon, which has an attenuation coefficient similar to that of bone. In the image of the phantom filled with 18 F, all three rod regions look like the background outside the phantom. In contrast, when the phantom was filled with 86 Y, the water region shows "radioactivity" somewhat less than the radioactivity inside the main chamber. Moreover, in the Teflon region, a considerably erroneous high "radioactivity" is found. In both the water and Teflon regions, the counts caused by gamma coincidences are multiplied by attenuation correction factors, which are especially high in the Teflon (= bone) region. This fact would result in a totally wrong estimation of the radiation dose, in particular in bone metastases, which are among the major aims of 90 Y-labelled radiotherapeuticals. Figure 6 includes also the findings for 124 I. This leads to a corresponding background in reconstructed images and, consequently, to a diminished contrast. Whereas this outcome might be tolerated in the qualitative respect, it leads to quantitative errors, which cannot be accepted. One must consider that the most important motivation for using 86 Y is the quantitative measurement of its temporal and spatial distribution throughout the body so that the radiation dose caused by the therapeutic 90 Y can be derived. The quantitative error caused by the gamma coincidences is amplified by the attenuation correction, especially in areas of tissue with a high attenuation coefficient, such as bone. This problem is demonstrated by images of a study with a three-rod phantom (Figure 6 ). Outside the rods, the phantom was filled with 18 F, 124 I or 86 Y. The three rods were filled with air, (non-radioactive) water and Teflon, which has an attenuation coefficient similar to that of bone. In the image of the phantom filled with 18 F, all three rod regions look like the background outside the phantom. In contrast, when the phantom was filled with 86 Y, the water region shows "radioactivity" somewhat less than the radioactivity inside the main chamber. Moreover, in the Teflon region, a considerably erroneous high "radioactivity" is found. In both the water and Teflon regions, the counts caused by gamma coincidences are multiplied by attenuation correction factors, which are especially high in the Teflon (= bone) region. This fact would result in a totally wrong estimation of the radiation dose, in particular in bone metastases, which are among the major aims of 90 Y-labelled radiotherapeuticals. Figure 6 includes also the findings for 124 I. The quite The tests just described were done with the 3D-acquisition mode of the PET detector, i.e., the septa of the PET-Scanner Siemens ECAT Exact HR+ were retracted. When our group performed the first studies with 86 Y in the early 1990s, all data were acquired with the Scanditronix/GE PET PC4096-WB, in which the detector rings were separated by heavy lead rings, so that the 2D-acquisition was exclusively possible. Compared to 3D-acquisition, considerably less random and scattered coincidences, but also considerably less gamma coincidences, are recorded in 2D-mode. The Scanditronix/GE PC4096-WB had much stronger septa than the Siemens HR+. The septa of the Scanditronix/GE PC4096-WB were 20 cm long and 3 mm thick, whereas those of the Siemens HR+ were 7 cm long and 0.7 cm thick. Considering the construction of the septa of the Scanditronix/GE PC4096-WB, it is not astonishing that an image of the three-rod-phantom recorded with that scanner shows no or only minor (for Teflon) differences between the cold rods and the background outside the phantom (Figure 7) . The tests just described were done with the 3D-acquisition mode of the PET detector, i.e., the septa of the PET-Scanner Siemens ECAT Exact HR+ were retracted. When our group performed the first studies with 86 Y in the early 1990s, all data were acquired with the Scanditronix/GE PET PC4096-WB, in which the detector rings were separated by heavy lead rings, so that the 2D-acquisition was exclusively possible. Compared to 3D-acquisition, considerably less random and scattered coincidences, but also considerably less gamma coincidences, are recorded in 2D-mode. The Scanditronix/GE PC4096-WB had much stronger septa than the Siemens HR+. The septa of the Scanditronix/GE PC4096-WB were 20 cm long and 3 mm thick, whereas those of the Siemens HR+ were 7 cm long and 0.7 cm thick. Considering the construction of the septa of the Scanditronix/GE PC4096-WB, it is not astonishing that an image of the three-rod-phantom recorded with that scanner shows no or only minor (for Teflon) differences between the cold rods and the background outside the phantom (Figure 7 ). The tests just described were done with the 3D-acquisition mode of the PET detector, i.e., the septa of the PET-Scanner Siemens ECAT Exact HR+ were retracted. When our group performed the first studies with 86 Y in the early 1990s, all data were acquired with the Scanditronix/GE PET PC4096-WB, in which the detector rings were separated by heavy lead rings, so that the 2D-acquisition was exclusively possible. Compared to 3D-acquisition, considerably less random and scattered coincidences, but also considerably less gamma coincidences, are recorded in 2D-mode. The Scanditronix/GE PC4096-WB had much stronger septa than the Siemens HR+. The septa of the Scanditronix/GE PC4096-WB were 20 cm long and 3 mm thick, whereas those of the Siemens HR+ were 7 cm long and 0.7 cm thick. Considering the construction of the septa of the Scanditronix/GE PC4096-WB, it is not astonishing that an image of the three-rod-phantom recorded with that scanner shows no or only minor (for Teflon) differences between the cold rods and the background outside the phantom (Figure 7) . The first human study after injection of 86 Y-citrate in a patient with a history of breast tumor and multiple bone metastases was performed with the Scanditronix/GE PC4096-WB by Herzog et al., in 1993 [45] , Section 5.2. This PET scanner was also applied for further investigations: a comparison between 86 Y-citrate and 86 Y-EDTMP in ten patients with prostate cancer in 1996 [46] and a study The first human study after injection of 86 Y-citrate in a patient with a history of breast tumor and multiple bone metastases was performed with the Scanditronix/GE PC4096-WB by Herzog et [47] . As a conclusion from the experiences with the phantom studies just described, we are quite confident that the uptake and radiation doses reported in those human and non-human studies were reliable.
The publications by other groups [48] [49] [50] are not based on the use of the Scanditronix/GE PC4096-WB, but of different scanners with smaller septa (as described above for the Siemens HR+, for example). In our own study with the Siemens HR+ operated in 2D-and 3D-acquisition modes, images of the three-rod-phantom filled with 86 Y showed false radioactivity uptake in all cold rods (Figure 7) . Compared to the 86 Y activity in the main chamber outside the rods, the "uptake" in the Teflon rod was higher by 107% and 147% for 2D and 3D, respectively. The corresponding findings for the (cold) water rod were 41% and 56%. For the air rod, negative "radioactivity" of −10% and −21%, respectively, was found. Regarding these data, a simple PET measurement without correction for the gamma coincidences will lead to non-negligible errors of the estimated uptake of 86 Y-labelled diagnostics and consequently of the calculated radiation dose caused by 90 Y-labelled therapeutics. Because of the smaller errors associated with the 2D-acquisition mode, most of the publications on 86 Y reported the use of this mode, together with different suggestions for correcting the gamma coincidences. As mentioned above (and indicated in Figure 5 ), the gamma coincidences cause a flat background in the sinograms so that the correction can be done here before entering the reconstruction including the common corrections, such as for scatter. Therefore, we suggested a linear interpolation between the tales of the single projection lines of the sinogram (yellow line in Figure 5 , bottom right) and subtracted this line from the recorded counts [43, 51] .
Looking at two different Siemens PET scanners, ECAT Exact and the ECAT Exact HR+, the best correction was achieved when 100% of the linearly-interpolated counts were subtracted for the first scanner, but only 75% for the second scanner. These findings did not differ between 2D-and 3D-mode. Using a larger phantom, the IEC whole body phantom [52] , Kull et al., [50] found that a parabolic approximation to the background caused by the gamma coincidences resulted in a better correction than a mere linear interpolation. More sophisticated methods to remove the gamma coincidences in the sinograms were suggested by Walrand et al., [53] , who applied a patient-dependent method based on sinogram tail fitting using an 86 Y point spread function library, and by Beattie et al., [54] , who applied convolution kernels to the entire two-dimensional sinogram (and not just to projection lines).
Especially the more sophisticated methods for correcting the gamma coincidences were primarily developed for and tested with the 2D-acquisition, i.e., with septa-in. Nowadays, however, no PET/CT scanner is manufactured with a 2D-option. In 3D-mode, the amount of gamma coincidences is considerably increased (Figure 8 ). Thus, as indicated above, the reconstructed activity exhibits greater errors if not corrected appropriately ( Figure 7) . As stated by Walrand et al., [53] and as far as we know, such corrections have not been validated for realistic phantoms.
A number of studies with 86 Y-labelled radiopharmaceuticals in small animals have been reported (see Section 6.1). Small animal PET scanners have no septa so that they offer only the 3D-acquisition mode. In spite of that, gamma coincidences play a minor role here. Because of the small size of mice or rabbits, there is much less scattering in the animals, so that most of the high-energy cascade gamma photons do not lose enough energy to be stopped by the detector crystals or to be registered within the energy discrimination window of the detector. 86 Y and recorded with the Siemens/ECAT Exact HR+ operated in both 2D-and 3D-mode. In 3D, the flat background is doubled.
Radiation Doses of 90 Y-Therapeuticals Extracted from 86 Y PET-Imaging
The radionuclide 90 Y had been intensely used in the 1970s, 1980s and 1990s in the treatment of both benign bone disease [55] and cancer [56, 57] . Traditionally, 90 Y has been considered as a β-emitter with 100% abundance accompanied by very low bremsstrahlung, but without any γ-radiation, cf. International Commission on Radiological Protection (ICRP) Publ. 38, 1983 [58] . It did not seem possible to observe the radioactivity distribution in the patient from outside with an imaging modality such as positron emission tomography (PET), so that radiation doses to tumorous and normal tissue could not be quantitatively derived.
PET Imaging Based on 90 Y Positrons
As mentioned in Section 2.1, a small fraction of the β-decay of 90 Y ends up in the emission of positrons, generated via the internal pair production. This was reported already in 1955 by Ford [59] and Johnson et al., [60] . Its intensity was accurately measured by Greenberg and Deutsch [61] , but a more precise value of 0.003186% was recently published by Selwyn et al., [62] . The first experiments towards PET were, however, performed only in 2004 [63] and showed the general feasibility of this imaging approach. In 2009 and 2010, Lhommel et al., [64] and Werner et al., [65] confirmed the possibility of PET imaging of 90 Y in the case of selective internal radiotherapy (SIRT) in the liver, where high amounts of radioactivity are locally administered. With radioactivity concentrations in the range of some MBq/mL and acquisition times of half an hour, the low PET sensitivity for 90 Y is nearly compensated. In a further paper, Lhommel et al., [66] described a specific method to achieve quite accurate estimates of the radiation dose to normal liver and tumor. Recently, Fabbri et al., [67] reported a phantom study towards using 90 Y for peptide receptor radionuclide therapy. Here, the applied concentration of 90 Y was also rather high with more than 0.2 MBq/mL. One may be skeptical whether PET-imaging of 90 Y will be used for further applications. A comprehensive comparison of 86 Y and 90 Y can be found in Walrand et al., [53] .
PET Imaging with 86 Y Instead of Using 90 Y
If the 90 Y is substituted by a positron-emitting isotope, the spatial and temporal distribution of yttrium or of a therapeutic compound labelled with yttrium can be measured with PET, especially for applications beyond those where direct PET imaging of 90 Y is feasible. Among the different isotopes of yttrium, 86 Y is the most appropriate positron emitter (for its decay properties, cf. 86 Y-based biodistribution has been determined by PET quantitatively, the radiation dose caused by 90 Y can be derived directly using the MIRD formalism [68] [69] [70] . For this purpose, the S-factors valid for 90 Y have to be applied instead of those for 86 Y. The MIRD formalism requires that the measured time-activity curves must be decay-corrected using the half-life of 86 Y and thereafter multiplied with the decay function of 90 Y (Figure 9 ). 
Radiation Doses of 90 Y-Therapeuticals Extracted from 86 Y PET-Imaging
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PET Imaging with 86 Y Instead of Using 90 Y
If the 90 Y is substituted by a positron-emitting isotope, the spatial and temporal distribution of yttrium or of a therapeutic compound labelled with yttrium can be measured with PET, especially for applications beyond those where direct PET imaging of 90 Y is feasible. Among the different isotopes of yttrium, 86 Y is the most appropriate positron emitter (for its decay properties, cf. 90 Y can be derived directly using the MIRD formalism [68] [69] [70] . For this purpose, the S-factors valid for 90 Y have to be applied instead of those for 86 Y. The MIRD formalism requires that the measured time-activity curves must be decay-corrected using the half-life of 86 Y and thereafter multiplied with the decay function of 90 Y (Figure 9 ). [69] . Commonly, the number of doses is related to the total injected dose A0.
The First Human Study with 86 Y
After the successful development of the production and the radiochemistry of 86 Y and satisfactory phantom measurements at Jülich, the very first human study applying 86 Y was performed in a female patient with breast cancer, cf. Herzog et al., in 1993 [45] . In spite of surgical treatment, radiation therapy and chemotherapy, the patient suffered from painful bone lesions and further metastases located in the facial bone, the lung, the pelvis, the right femur and at different locations in the spine. The aim of the PET study, for which the Scanditronix/GE PET PC4096-WB was used, was to deliver data for planning the radiation dose to be delivered by a palliative treatment with 90 Y-citrate directly after the PET investigation. Following injection of 100 MBq 86 Y-citrate, whole body scans of 147 cm in length ranging from the head to the most caudally-located metastasis were acquired at 4, 10, 21, 28 and 45 h after tracer injection (p.i.) (Figure 10 ). The reconstruction with filtered back projection included the common corrections for detector efficiency, dead time, random, scatter and attenuation. Decay-corrected time-activity curves obtained from volumes of interest (VOIs), marking different metastases, normal bone and liver, are displayed in Figure 11 . [69] . Commonly, the number of doses is related to the total injected dose A 0 .
After the successful development of the production and the radiochemistry of 86 Y and satisfactory phantom measurements at Jülich, the very first human study applying 86 Y was performed in a female patient with breast cancer, cf. Herzog et al., in 1993 [45] . In spite of surgical treatment, radiation therapy and chemotherapy, the patient suffered from painful bone lesions and further metastases located in the facial bone, the lung, the pelvis, the right femur and at different locations in the spine. The aim of the PET study, for which the Scanditronix/GE PET PC4096-WB was used, was to deliver data for planning the radiation dose to be delivered by a palliative treatment with 90 Y-citrate directly after the PET investigation. Following injection of 100 MBq 86 Y-citrate, whole body scans of 147 cm in length ranging from the head to the most caudally-located metastasis were acquired at 4, 10, 21, 28 and 45 h after tracer injection (p.i.) (Figure 10 ). The reconstruction with filtered back projection included the common corrections for detector efficiency, dead time, random, scatter and attenuation. Decay-corrected time-activity curves obtained from volumes of interest (VOIs), marking different metastases, normal bone and liver, are displayed in Figure 11 . The decay-corrected pharmacokinetic data, i.e., percentage of injected 86 Y activity per organ or per cm 3 tissue, were considered to be valid also for the therapeutic labelled with 90 Y. After extrapolating these data to five half-lives of 90 Y, introducing the decay function of 90 Y and integrating the extrapolated curves, the cumulated activities Ã were obtained using the MIRD formalism [69] , so that the radiation doses caused by 1 MBq of injected 90 Y to the red marrow, liver and the metastases could be calculated: 1008 μGy, 593 μGy and 3.5 mGy (metastasis with the highest uptake), respectively. Figure 10 . The upper five curves belong to the metastases indicated by arrows in Figure 10 .
Comparative Evaluation of 86 Y-Citrate and 86 Y-EDTMP
Based on the experience with the above-mentioned investigation, the bio-distributions of 86 Y-citrate and 86 Y-EDTMP were compared in ten patients with prostate cancer by Rösch et al., in The decay-corrected pharmacokinetic data, i.e., percentage of injected 86 Y activity per organ or per cm 3 tissue, were considered to be valid also for the therapeutic labelled with 90 Y. After extrapolating these data to five half-lives of 90 Y, introducing the decay function of 90 Y and integrating the extrapolated curves, the cumulated activities Ã were obtained using the MIRD formalism [69] , so that the radiation doses caused by 1 MBq of injected 90 Y to the red marrow, liver and the metastases could be calculated: 1008 µGy, 593 µGy and 3.5 mGy (metastasis with the highest uptake), respectively. The decay-corrected pharmacokinetic data, i.e., percentage of injected 86 Y activity per organ or per cm 3 tissue, were considered to be valid also for the therapeutic labelled with 90 Y. After extrapolating these data to five half-lives of 90 Y, introducing the decay function of 90 Y and integrating the extrapolated curves, the cumulated activities Ã were obtained using the MIRD formalism [69] , so that the radiation doses caused by 1 MBq of injected 90 Y to the red marrow, liver and the metastases could be calculated: 1008 μGy, 593 μGy and 3.5 mGy (metastasis with the highest uptake), respectively. Figure 10 . The upper five curves belong to the metastases indicated by arrows in Figure 10 .
Based on the experience with the above-mentioned investigation, the bio-distributions of 86 Y-citrate and 86 Y-EDTMP were compared in ten patients with prostate cancer by Rösch et al., in Figure 11 . Time-activity curves of 86 Y-citrate measured in the patient shown in Figure 10 . The upper five curves belong to the metastases indicated by arrows in Figure 10 .
Based on the experience with the above-mentioned investigation, the bio-distributions of 86 Y-citrate and 86 Y-EDTMP were compared in ten patients with prostate cancer by Rösch et al., in 1996 [46] . The two radiopharmaceuticals were injected in five patients, each with activities of 86 Y between 130 and 295 MBq. Using the Scanditronix/GE PET PC4096-WB, a dynamic scan of the upper abdomen was acquired from 0, to 40-90 min p.i. Up to five whole-body PET scans were performed, the first at about 3 h p.i. and the last up to 72 h p.i. (Figure 12 ). The decisive difference between the two compounds was the lacking liver uptake in the case of 86 Y-EDTMP (Figure 13) . Knowing the 86 Y-based biodistribution, the radiation doses for 90 Y-citrate and 90 Y-EDTMP were estimated for bone metastases, red marrow, liver, kidneys and bladder. The radiation dose to the bone metastases per cm 3 volume was 26 ± 11 mGy/MBq in the case of 86 Y-citrate and 18 ± 2 mGy/MBq in the case of 86 Y-EDTMP. The radiation dose to the red marrow was 2.5 ± 0.4 mGy/MBq and 1.8 ± 0.6 mGy/MBq, respectively. It was concluded that a substantial fraction of 90 Y-citrate is taken up by the liver and then slowly released from it, so that the concentrations in metastases reached a maximum within about two days and that the corresponding (therapeutic) radiation doses were higher than those with 90 Y-EDTMP. 1996 [46] . The two radiopharmaceuticals were injected in five patients, each with activities of 86 Y between 130 and 295 MBq. Using the Scanditronix/GE PET PC4096-WB, a dynamic scan of the upper abdomen was acquired from 0, to 40-90 min p.i. Up to five whole-body PET scans were performed, the first at about 3 h p.i. and the last up to 72 h p.i. (Figure 12 ). The decisive difference between the two compounds was the lacking liver uptake in the case of 86 Y-EDTMP ( Figure 13 ). Knowing the 86 Y-based biodistribution, the radiation doses for 90 Y-citrate and 90 Y-EDTMP were estimated for bone metastases, red marrow, liver, kidneys and bladder. The radiation dose to the bone metastases per cm 3 volume was 26 ± 11 mGy/MBq in the case of 86 Y-citrate and 18 ± 2 mGy/MBq in the case of 86 Y-EDTMP. The radiation dose to the red marrow was 2.5 ± 0.4 mGy/MBq and 1.8 ± 0.6 mGy/MBq, respectively. It was concluded that a substantial fraction of 90 Y-citrate is taken up by the liver and then slowly released from it, so that the concentrations in metastases reached a maximum within about two days and that the corresponding (therapeutic) radiation doses were higher than those with 90 Y-EDTMP. Figure 14 , was suggested as a promising radiotherapeutic agent for somatostatin receptor-expressing tumors in 1998 (Otte et al., [71] ), our group immediately estimated the radiation dosimetry of this compound in non-human primates with the help of the 86 Y-labelled analogue (Rösch et al., 1999, [47] ). Once again, the Scanditronix/GE PET PC4096-WB was applied. Three baboons (two male and one female) aged between three and four years and weighing between 7.9 and 12.4 kg were investigated three times each with intervals of one week. In the first two weeks, the injected 86 Y-SMT487 contained 100 µg and 2 µg of (cold) SMT487 per m 2 body surface, respectively. The 100 µg SMT487 reflected the peptide dose in a radiotherapeutic dose of 90 Y-SMT487, whereas 2 µg SMT487 corresponded to the diagnostic dose of the peptide of <10 µg/m 2 as used for 111 In-OctreoScan. In Week 3, an amino acid solution was added to the 100 µg/m 2 SMT487 protocol. The PET data were acquired over different parts of the baboons from 0-90 min p.i. Figure 15 . For further details, see [47] . Furthermore, radioactivity in blood and urine was measured. Figure 14 , was suggested as a promising radiotherapeutic agent for somatostatin receptor-expressing tumors in 1998 (Otte et al., [71] ), our group immediately estimated the radiation dosimetry of this compound in non-human primates with the help of the 86 Y-labelled analogue (Rösch et al., 1999, [47] ). Once again, the Scanditronix/GE PET PC4096-WB was applied. Three baboons (two male and one female) aged between three and four years and weighing between 7.9 and 12.4 kg were investigated three times each with intervals of one week. In the first two weeks, the injected 86 Y-SMT487 contained 100 μg and 2 μg of (cold) SMT487 per m 2 body surface, respectively. The 100 μg SMT487 reflected the peptide dose in a radiotherapeutic dose of 90 Y-SMT487, whereas 2 μg SMT487 corresponded to the diagnostic dose of the peptide of <10 μg/m 2 as used for 111 In-OctreoScan. In Week 3, an amino acid solution was added to the 100 μg/m 2 SMT487 protocol. The PET data were acquired over different parts of the baboons from 0-90 min p.i. (first baboon) and at 5 h p.i. (second baboon) and 24 h p.i. (third baboon); Figure 15 . For further details, see [47] . Furthermore, radioactivity in blood and urine was measured. Figure 14 , was suggested as a promising radiotherapeutic agent for somatostatin receptor-expressing tumors in 1998 (Otte et al., [71] ), our group immediately estimated the radiation dosimetry of this compound in non-human primates with the help of the 86 Y-labelled analogue (Rösch et al., 1999, [47] ). Once again, the Scanditronix/GE PET PC4096-WB was applied. Three baboons (two male and one female) aged between three and four years and weighing between 7.9 and 12.4 kg were investigated three times each with intervals of one week. In the first two weeks, the injected 86 Y-SMT487 contained 100 μg and 2 μg of (cold) SMT487 per m 2 body surface, respectively. The 100 μg SMT487 reflected the peptide dose in a radiotherapeutic dose of 90 Y-SMT487, whereas 2 μg SMT487 corresponded to the diagnostic dose of the peptide of <10 μg/m 2 as used for 111 In-OctreoScan. In Week 3, an amino acid solution was added to the 100 μg/m 2 SMT487 protocol. The PET data were acquired over different parts of the baboons from 0-90 min p.i. (first baboon) and at 5 h p.i. (second baboon) and 24 h p.i. (third baboon); Figure 15 . For further details, see [47] . Furthermore, radioactivity in blood and urine was measured. Table 4 . In another group of eight patients with progressive metastatic neuroendocrine tumors, the same group estimated the radiation doses comparatively, based on PET measurements with 86 Y-DOTA-TOC and on combined anterior/posterior gamma scintigraphy with 111 In-pentetreotide, respectively [73] . Renal protection by administering amino acids was also examined, confirming that the coinjected amino acids lower the radiation dose to the kidneys. While the PET-based radiation doses were in the range of the numbers reported in [47, 72] , the dose to liver obtained from the 111 In-pentetreotide scintigraphy was underestimated by 44%, whereas the doses to kidney and the spleen were higher by 16% and 51%, respectively. Results of a phase 1 clinical study with 86 Y-DOTATOC on the pharmacokinetics and biodistribution in 24 patients with somatostatin receptor-positive neuroendocrine tumors and especially at the "renal protective effect of different regimens of amino acid co-infusion" were reported in 2003 [74] . The maximum dose deliverable to the tumor was reached with a mixture of amino acid infused over 10 h. In another paper, that group compared the radiation doses of 90 Y-DOTATOC to kidneys and tumorous tissues, which were alternatively derived from 86 Y-DOTATOC PET and 111 In-DTPA-DPhe 1 -octreotide SPECT [75] . This intra-patient comparison showed that the use of 86 Y-DOTATOC was more appropriate for the planning of therapy of somatostatin receptor-bearing tumors. Based on the basic research with 86 Y-DOTATOC just described, the therapeutic 90 Y-DOTATOC was approved by pharmaceutical administration authorities and introduced to the clinical treatment of neuroendocrine tumors [76] [77] [78] . 86 Y has been used and is being used for a variety of experimental pre-clinical investigations. The main intention is to benefit from the longer half-life of 86 Y instead of extracting quantitative radiation doses in the context of internal radiation therapy in patients. The focus is on small animal studies. For a review of the many 86 Y-based PET radiopharmaceuticals: radiochemistry and biological applications, cf. [79, 80] ; targeted vectors of interest included are tumor receptor binding peptides [81] [82] [83] [84] , monoclonal antibodies and antibody fragments [85] [86] [87] [88] [89] [90] or artificial nanoparticles [91] , i.e., constructs with longer retention times. Within this group of investigations, only a few papers yield dosimetric data; however, based on ex vivo organ distribution data in terms of %ID/g, such as Banerjee et al., [84] , Cheal et al., [92] and Palm et al., [93] .
Alternative Approaches in Radiotheranostics
Within the last decade, an impressive number of small peptides has been developed, beyond the octreotide class, showing extraordinary promise for the diagnosis and therapy of other than neuroendocrine tumors. Most of them are labelled with the positron emitter 68 Ga for PET/CT imaging. Some of them are transferred into therapeutic analogues, mainly labelled with 177 Lu. When applied as the 68 Ga/ 177 Lu pair within the tumor targeting vector (typically DOTA-conjugated), the procedure is referred to as theranostics, as well (e.g., Baum and Rösch [94] , Rösch and Baum [95] , Velikyan [96] ), although a "diagnostic" radionuclide from an element chemically different from the "therapeutic" one is used, cf. Figure 16 . 86 Y has been used and is being used for a variety of experimental pre-clinical investigations. The main intention is to benefit from the longer half-life of 86 Y instead of extracting quantitative radiation doses in the context of internal radiation therapy in patients. The focus is on small animal studies. For a review of the many 86 Y-based PET radiopharmaceuticals: radiochemistry and biological applications, cf. [79, 80] ; targeted vectors of interest included are tumor receptor binding peptides [81] [82] [83] [84] , monoclonal antibodies and antibody fragments [85] [86] [87] [88] [89] [90] or artificial nanoparticles [91] , i.e., constructs with longer retention times. Within this group of investigations, only a few papers yield dosimetric data; however, based on ex vivo organ distribution data in terms of %ID/g, such as Banerjee et al., [84] , Cheal et al., [92] and Palm et al., [93] .
Within the last decade, an impressive number of small peptides has been developed, beyond the octreotide class, showing extraordinary promise for the diagnosis and therapy of other than neuroendocrine tumors. Most of them are labelled with the positron emitter 68 Ga for PET/CT imaging. Some of them are transferred into therapeutic analogues, mainly labelled with 177 Lu. When applied as the 68 Ga/ 177 Lu pair within the tumor targeting vector (typically DOTA-conjugated), the procedure is referred to as theranostics, as well (e.g., Baum and Rösch [94] , Rösch and Baum [95] , Velikyan [96] ), although a "diagnostic" radionuclide from an element chemically different from the "therapeutic" one is used, cf. Figure 16 . Figure 16 . Schematic illustration of the class of tumor targeting vectors (e.g., peptides) conjugated to a chelator, which is able to coordinate a diagnostic and a therapeutic radiometal (e.g., 68 Ga and 177 Lu). The typical chelator is DOTA, and for several tracers, there exists a sophisticated linker and spacer chemistry.
In such a case, however, pharmacological studies need to ensure that the analogy (rather than identity) in chemistry reflects a similarity in pharmacology for the two differently-radiolabeled compounds. Most probably, this would not be the case, and binding affinities, lipophilicities and pharmacologies will differ, cf., for example, [97, 98] . Nevertheless, this deviation between the diagnostic version and the therapeutic version of the radiometal may be handled by introducing a correction factor, similar to the case of 18 F-FDG (2-deoxy-2-[ 18 F]fluoro-D-glucose, a deoxy-glucose derivative) used to quantify glucose consumption rates in units of μmol per mL per minute. 18 F-FDG Figure 16 . Schematic illustration of the class of tumor targeting vectors (e.g., peptides) conjugated to a chelator, which is able to coordinate a diagnostic and a therapeutic radiometal (e.g., 68 Ga and 177 Lu). The typical chelator is DOTA, and for several tracers, there exists a sophisticated linker and spacer chemistry.
In such a case, however, pharmacological studies need to ensure that the analogy (rather than identity) in chemistry reflects a similarity in pharmacology for the two differently-radiolabeled compounds. Most probably, this would not be the case, and binding affinities, lipophilicities and pharmacologies will differ, cf., for example, [97, 98] . Nevertheless, this deviation between the diagnostic version and the therapeutic version of the radiometal may be handled by introducing a correction factor, similar to the case of 18 F-FDG (2-deoxy-2-[ 18 F]fluoro-D-glucose, a deoxy-glucose derivative) used to quantify glucose consumption rates in units of µmol per mL per minute. 18 F-FDG does not fully represent the pharmacology of endogenous glucose, but a "lumped constant" introduced in the mathematical interpretation of diagnostic data corrects for that deviation in a way that indeed in vivo FDG data lead to the parameter wanted.
Nevertheless, even if there is a difference in the chemistry and pharmacology of the two versions of the theranostic molecule, which can be addressed by correction factors, the question remains whether the half-life of the diagnostic radionuclide is able to cover the relevant uptake kinetics of the 177 Lu-labelled therapeutic as needed for the extraction of dosimetric parameters. Supposing that the pharmacology of a molecule is very similar for the 68 Ga-(a positron emitting radionuclide of a 67.7-minute half-life for PET) and the 177 Lu-labelled version (β-emitting radionuclide of a 6.4-day half-life for therapy), 68 Ga is only able to measure the early uptake kinetics, covering about 4 h post-injection. The "theranostic" measure derived refers to the standard uptake value (SUV) at a certain, early time point only, while it is not possible to obtain radiation doses for the 177 Lu compound in terms of mGy per MBq injected. The problem is illustrated in Figure 17 . The hypothetical uptake kinetics of a radiotherapeutic compound labelled with, for example, 90 Y, 177 Lu or 225 Ac, in the target tissue is given in grey. The region of uptake kinetics, which can be covered by a 68 Ga-labelled analogue, is given in orange. Obviously, the PET tracer covers only the very early phase of the pharmacology of the analogue compound. It is by far not able to determine the area under the grey curve. does not fully represent the pharmacology of endogenous glucose, but a "lumped constant" introduced in the mathematical interpretation of diagnostic data corrects for that deviation in a way that indeed in vivo FDG data lead to the parameter wanted. Nevertheless, even if there is a difference in the chemistry and pharmacology of the two versions of the theranostic molecule, which can be addressed by correction factors, the question remains whether the half-life of the diagnostic radionuclide is able to cover the relevant uptake kinetics of the 177 Lu-labelled therapeutic as needed for the extraction of dosimetric parameters. Supposing that the pharmacology of a molecule is very similar for the 68 Ga-(a positron emitting radionuclide of a 67.7-minute half-life for PET) and the 177 Lu-labelled version (β-emitting radionuclide of a 6.4-day half-life for therapy), 68 Ga is only able to measure the early uptake kinetics, covering about 4 h post-injection. The "theranostic" measure derived refers to the standard uptake value (SUV) at a certain, early time point only, while it is not possible to obtain radiation doses for the 177 Lu compound in terms of mGy per MBq injected. The problem is illustrated in Figure 17 . The hypothetical uptake kinetics of a radiotherapeutic compound labelled with, for example, 90 Y, 177 Lu or 225 Ac, in the target tissue is given in grey. The region of uptake kinetics, which can be covered by a 68 Ga-labelled analogue, is given in orange. Obviously, the PET tracer covers only the very early phase of the pharmacology of the analogue compound. It is by far not able to determine the area under the grey curve. Obviously, the similarity between the physical half-lives of the two radionuclides remains one of the key requirements in radio-theranostics. Currently, 44 Sc, a positron-emitting radionuclide of a 3.9-h half-life, is attracting interest, as it allows monitoring the uptake kinetics of structurally-similar radiotherapeuticals labelled with, for example, 177 Lu, cf. [99] [100] [101] . Indeed, this radionuclide may contribute to the determination of patient-individual radiation dosimetry. However, also in the case of pairs like this with chemically non-identical structures of the two compounds, a combination of 86 Y/ 177 Lu appears to be superior, as the half-life of 86 Y allows covering more than two days of the Obviously, the similarity between the physical half-lives of the two radionuclides remains one of the key requirements in radio-theranostics. Currently, 44 Sc, a positron-emitting radionuclide of a 3.9-h half-life, is attracting interest, as it allows monitoring the uptake kinetics of structurally-similar Pharmaceuticals 2017, 10, 56 22 of 28 radiotherapeuticals labelled with, for example, 177 Lu, cf. [99] [100] [101] . Indeed, this radionuclide may contribute to the determination of patient-individual radiation dosimetry. However, also in the case of pairs like this with chemically non-identical structures of the two compounds, a combination of 86 Y/ 177 Lu appears to be superior, as the half-life of 86 Y allows covering more than two days of the pharmacokinetics of the relevant targeting vector. Other promising systems include 44 Sc (t 1 /2 = 3.9 h)/ 47 Sc (t 1 /2 = 3.35 d), 64 Cu (t 1 /2 = 12.7 h)/ 67 Cu (t 1 /2 = 2.58 d) and 83 Sr (t 1 /2 = 32.4 h)/ 89 Sr (t 1 /2 = 50.5 d) [10] . However, many of those radionuclides are not easily available, e.g., 47 Sc, 67 Cu, 83 Sr, etc.
Conclusions
The concept of theranostics in radiopharmacy and nuclear medicine involves individual patient treatment considering (i) the right therapy (i.e., the adequate targeting vector) applying a potent PET-radiopharmaceutical, (ii) for the right person for a given disease (i.e., the patient expressing the specific target qualitatively in terms of SUV values), (iii) at the right time, (iv) at an individualized radiation dose level (corresponding to the quantitative expression of the specific target) and (v) including the determination of the efficacy of a radiotherapy in terms of post-therapeutic PET imaging.
We believe that our first studies on the radionuclide pair 86 Y/ 90 Y done in 1993 were the starting point of the concept of theranostics. They exemplified the use of radiometal-labelled compounds, i.e., a combination of diagnosis via PET and internal radiotherapy, utilizing two radionuclides of the same element. Both the half-life of 86 Y and its positron emission property allowed quantification of long-term uptake kinetics and resulted in the ultimate parameter, the radiation dose in terms of mGy or mSv of the 90 Y analogue per MBq of the injected 90 Y activity.
In typical present-day examples of so-called theranostics, such as the pair 68 Ga/ 177 Lu, this ultimate goal is not achieved. Although the qualitative aspect, namely the identification of the right therapeutic compound based on the information of an analogue PET tracer for one and the same patient, is now clinical routine for important compounds, yet patients are treated with standard activities of the 177 Lu-labelled radiotherapeutical, no matter what the quantitative expression of the specific tumor target is. Thus, new approaches are necessary to finally allow for a patient-individual internal 177 Lu radiation therapy. Radiotheranostics thus still appears to be in a transition phase "between dream and reality".
Due to the ease of production of 86 Y, its 33% abundance of positron emission, its physical half-life of 14.7 h (mimicking the uptake kinetics of most of the long-lived therapeutic radionuclides 90 Y, 177 Lu, 225 Ac, etc.) and due to the chemical similarity of 86 Y (being a trivalent metal) to nuclides 90 Y, 177 Lu, 225 Ac, etc., we believe that this radionuclide represents a valuable choice for radiotheranostics, provided a sufficient accuracy of quantification is warranted with the 3D PET systems exclusively available today.
